Abstract Grid stability is being challenged by the increasing integration of power plants with volatile power generation into the energy system. Power supply fluctuations must be compensated by energy system flexibility. The storability of the energy carrier enables biogas plants to generate power flexibly. In this study, the technical and economic effects of providing positive secondary control energy reserves with an Austrian biogas plant were assessed. The plant's main focus lies in biomethane production with the option of heat and power generation through combined heat and power (CHP) units. A detailed simulation model of the investigated biogas plant was developed, which is presented in this work. Ex-post simulations of one year of flexible plant operation were conducted with this model. The findings show that the installed biogas storage capacity is sufficient to provide control energy reserves while simultaneously producing biomethane. Profitability of providing control energy reserves largely depends on the prices at the control energy market and on CHP unit start-up costs. A cost efficiency analysis demonstrated that investing in a hot water tank with a volume of 5 m 3 for short-term heat storage turned out to be economically viable.
Introduction
Energy system decarbonisation is a central aspect of the global energy policy. In accordance to its energy strategy for 2050, the climate targets of the European Union (EU) for 2030 aim to reduce greenhouse gas emissions by at least 40% compared to 1990 levels and to increase the share of renewables to at least 27% of EU energy consumption [1] . Austria's national targets stipulate a 36% reduction of greenhouse gas emissions compared to 2005 levels. First projections show that current efforts must be enhanced to meet these targets [2] .
The increasing integration of renewables into the energy system poses challenges to power grid stability, particularly because the share of power plants with intermittent power generation -mainly wind and photovoltaic power plants -is rising (in this work the term power refers solely to electricity). The installed power capacity of wind power plants in Austria increased from 1.84 GW in 2010 to 4.07 GW in 2016, while the capacity of photovoltaic plants increased from 0.15 to 1.46 GW during the same period [3] . These plants are characterised by a very volatile power generation, which is highly dependent on weather conditions. Increasing fluctuations along with limited predictability of the power supply have resulted in a rising demand for balancing energy. The demand for balancing energy in Austria increased almost proportionally to the installed wind power capacity from 0.68 TWh in 2010 to 1.31 TWh in 2016 [3] . The demand for balancing energy is expected to further rise in the coming decades given the increasing share of power plants with intermittent power generation [4] .
Additional technological measures, which provide flexibility in the energy system, are needed to compensate increasing power supply fluctuations. Those measures include the possibility to operate power plants on demand. Biogas plants have a high potential for demand-oriented power generation, as the energy carrier can be stored over a long period [5] . In biogas plants, organic matter is converted to biogas by anaerobic digestion. The biogas is then usually processed in combined heat and power (CHP) units. The overall efficiency of energy conversion from biogas to power and heat with CHP units is around 85%-90% [6] . Biogas can alternatively be converted to biomethane through drying of the gas and removal of CO 2 and minor components by a gas upgrading process. A summary of common gas upgrading technologies can be found in Miltner et al. [7] . Most biogas plants in Europe are currently designed for continuous power generation as base load power plants. A demand-oriented biogas supply is necessary for flexible power generation, which can be achieved either by biogas storage concepts or concepts for flexible biogas production [8] . Biogas can be stored either on-site at the biogas plant with appropriate gas storage systems or in the natural gas grid after a gas-upgrading step. In most cases, biogas is stored directly at the plant. Flexible biogas production is an alternative that can reduce necessary biogas storage capacity and can be achieved by changes to substrate feeding intervals, organic workload or feeding material [9] .
Several studies addressing the necessary technical and economic requirements for flexible power generation with biogas plants have been published to date, most originating from Germany. Concepts and technical requirements for biogas plant flexibilisation are discussed in Trommler et al. [10] . A summary of the necessary technical adaptions for flexible power generation with biogas plants can be found in Haering et al. [11] . Several studies that focus on the economics of flexible power generation with biogas plants used process simulation as a tool to assess flexible plant operation scenarios. Gohsen and Allelein [12] developed a market-based optimisation model for investigating different concepts of biogas plants operated as storage power plants. Lauer and Thrän [13] discussed the economic efficiency of reducing surplus generation in the German electricity system through flexible power generation with biogas plants. In Haering et al. [14] , an optimisation model was used to maximise revenues from participation in the spot market. Some studies have investigated using flexible biogas production to reduce required biogas storage capacity. Mauky et al. [15] showed that flexible biogas production can be achieved in fullscale biogas plants with no negative effects for the longterm process stability. Hahn et al. [16] performed cost analyses of biogas storing and flexible biogas production concepts. In Barchmann et al. [17] , continuous biogas production was compared to flexible biogas production as part of an economic assessment. Grim et al. [18] developed a dynamic biogas plant model and showed that biogas storage requirements can be reduced by feeding management. O'Shea et al. [19] used kinetic models to determine the optimal feeding time at a biogas plant with combined flexible power generation and biomethane production. Only a few studies assessed the participation of biogas plants in the markets for control energy reserves. Control energy reserves in Europe are organised by national transmission system operators (TSO). The TSOs regulate power grid frequency, which must be held at 50 Hz. Power capacities, which are placed on the markets for control energy reserves, must be kept available by the plant operator at all times. Control energy reserves can be subdivided into negative reserves, which are used to reduce power generation on demand and into positive reserves, which give the TSO the option to increase power generation when necessary. Moreover, they are distinguished in primary, secondary and tertiary reserves depending on the power generation unit's required reaction time. The required reaction time for primary reserves is thirty seconds, while it is five minutes for secondary reserves and fifteen minutes for tertiary reserves [20] . The reaction and start-up times for CHP units enable most biogas plants to participate in secondary and tertiary control energy reserve markets. Hochloff and Braun [21] investigated the potential profitability of participating in electricity spot markets and in markets that organise tertiary control energy reserves with biogas plants that have invested in excess CHP unit capacity. Hochloff and Holzhammer [22] assessed the economic feasibility of providing secondary control energy reserves with a biogas plant. An integrated simulation model was developed by Lauer et al. [23] for the economic and ecologic assessment of flexible power generation concepts with biogas plants. The model was used to evaluate the economic viability of various scenarios for flexible power generation, which included participation in the spot market and the market for secondary control energy reserves.
The technical and economic feasibility of providing control energy reserves with a biogas plant that primarily focuses on biomethane production has not yet been investigated in detail. In this work, process simulation is used to assess the technical and economic consequences of providing control energy reserves while simultaneously producing biomethane with a biogas plant. A detailed simulation model of the investigated biogas plant is presented, which allows dynamic simulation of flexible plant operation. One year of plant operation is simulated ex-post assuming participation in the market for control energy reserves and compared to the current state of operation. The technical and economic feasibility of providing control energy reserves is assessed and the optimal heat storage capacity is determined in course of a cost efficiency analysis.
Methods
This work investigates an Austrian biogas plant for waste treatment. The plant's main focus lies in biomethane production through a membrane separation process. The plant has two CHP units (836 kW and 526 kW) that are currently only operated in case of malfunction or maintenance times for the biogas-upgrading units. This study assesses the feasibility of providing positive control energy reserves by starting the CHP units when control reserves are activated by the TSO. Figure 1 shows the current state of operation at the biogas plant (biomethane production) and the state of biogas plant operation, which is investigated in this study (biomethane production and provision of control energy reserves). The plant's installed biogas storage capacity (4800 m 3 ) is designed to store approximately 6-8 h of produced biogas under nominal load. The plant's yearly production is about 5.2 Mm 3 biogas.
Simulation model of the biogas plant
A dynamic simulation model of the described biogas plant was developed to assess the technical and economic consequences of flexible biogas plant operation. The plant model was developed in the process simulation program IPSEpro 7.0. The program's focus lies in simulating energy systems and an equation-oriented approach is used for calculating flow sheets that are developed in the simulation environment. Dynamic time stepping is applied in the program for time-dependent simulations. Figure 2 shows the developed biogas plant simulation model, which is based on mass and energy balances. Real plant data, which was collected during a monitoring in 2015, was used to calibrate the model. The flow sheet setup consists of units for biogas production (hygienisation tank, mixing tank and fermenters), a biogas storage unit, units for biogas upgrading (desulphurisation, condenser, compressor and gas permeation unit), two CHP units and a heat storage unit. Biogas is produced in the fermenters and stored in a biogas storage, from where it is transferred to the gas upgrading units for biomethane production or to the CHP units for power and heat generation. Process water is used to cool the CHP units. The heated water is stored in a heat storage, from where it is transferred to the biogas production units and used to cover the heat demand for hygienisation of the substrates and heating of the fermenters. The cooled process water is then again used to cool the CHP units. The biogas-upgrading units were modelled by simple black-box units. Particular attention was given to the modelling of the biogas storage unit and the CHP units, as these are essential units for flexible power generation.
A biogas storage model was developed that allows for calculating the gas storage level. The mass balance of the biogas storage unit is shown in Eq. (1).
Biogas that is produced in the fermenters ( _ m IN ) is either stored in the biogas storage or processed to the CHP units ( _ m CHP ) or gas-upgrading units ( _ m CH 4 ). Biogas is transferred to the CHP units in case of power generation, i.e., when control energy reserves are activated by the TSO. The biogas volume flow to the biogas-upgrading units was to ensure a continuous biomethane production. The initial biogas storage level was set to be half of the set maximum level of 3800 m 3 . The two CHP units models in Fig. 2 are based on mass and energy balances. The electrical efficiency curves that describe the relation between electric efficiency and CHP unit load point were defined and implemented in the models. Real plant data from the investigated biogas plant was used for calibration and validation of the model. The plant data was implemented in IPSEpro and electrical efficiency was calculated for every measurement point by calculating mass and energy balances. A detailed description of the calibration process can be found in [24] . Figure 3 shows the results of the model validation.
A comparison of simulated power values to power measurement at the biogas plant is shown in Fig. 3(A) . The simulated values evidently show a good correlation to the measured data with a coefficient of determination (Eq. (2)) of 0.995 for the first engine (836 kW) and 0.997 for the second engine (526 kW) (Fig. 3(B) ):
where R 2 is coefficient of determination, y i standardised measured value,ŷ i standardised simulated value and y arithmetic mean of measured values. A more detailed description of the biogas plant's simulation model shown in Fig. 2 can be found in [25] . This work provides one-year ex-post simulations of biogas plant operation using the simulation model shown in Fig. 2 and assessing the period from mid-July 2016 to mid-July 2017. Two scenarios were simulated and compared with each other: the first scenario represents the current state of operation at the biogas plant (biomethane production) and serves as a reference scenario, while the second scenario assumes participation in the market for positive secondary control energy reserves and simultaneous biomethane production (cf. Fig. 1 ). Continuous biomethane production is necessary due to gas delivery contracts that must be fulfilled. The market for secondary control energy reserves was selected as the reaction time of the investigated biogas plant's CHP units is sufficient for participation in this market and the prices are currently higher than in the market for tertiary control energy reserves [26] . Data published by the Austrian TSO (APG) and on the platform for allocating control energy reserves [27] was used to determine the times when control energy reserves were activated. Biogas plant operators profit in two ways when providing control energy reserves: they receive compensation for holding power capacities available (power price) and a payment for the actually provided power (energy price). The economic evaluation in this work uses a power price, which is based upon the average power price that was granted for every tender for control energy reserves and an energy price of 200 €•MW$h -1 (cf. Table 1 ). The economic evaluation assumed that the total installed power capacity at the biogas plant (1.36 MW) was used to provide positive secondary control energy reserves and that the total capacity was activated at every call-of order for 3 min.
The annuity method was applied to determine the economic efficiency of installing a heat storage unit (hot water tank) for optimal heat utilisation at the biogas plant. The aim of this cost efficiency analysis was to determine the optimal heat storage volume for short-term heat storage. The annuity method is described in VDI 2067 [28] . This method is used to compare one-time and repeated costs to investment revenues over a certain amortisation period. For the investment costs, a cost function developed by the Institute for Energy and Environmental Technology in Duisburg was used [29] and discounted using the Chemical Engineering Plant Cost Index (CEPCI) [30] . Profitability was defined as the ratio of annuity and investment costs and was used as a simplified measure for the economic assessment; a negative profitability equals an unprofitable investment. The assumptions of the cost-efficiency analysis and further key parameters of the economic assessment are summarised in Table 1 .
Results
The scenario that was investigated in this study assumes participation in the market for secondary positive control energy reserves while simultaneously producing biomethane. It was compared to a reference scenario that represents the biogas plant's current state of operation, which is designed for biogas upgrading to biomethane only, without any heat and power generation. This approach assesses the effects on the economic viability and technical units of the biogas plant while providing control energy reserves with the CHP units. Figure 4 shows the additional revenues or losses that are generated through participation at the market for positive secondary control energy reserves and the costs and revenues from power generation. The results demonstrate that the provision of secondary control energy reserves led to profitable results in most of the simulated months. The highest revenue was generated in August 2016 at 4711.57 €. Revenues of this magnitude are rather small when compared to revenues generated through biomethane production, nevertheless they increase the economic efficiency of the biogas plant. In four of the simulated months, the provision of secondary control energy reserves led to unprofitable results. As Fig. 4 shows, only small revenues could be generated by the power price in these months, which represents the payment for holding power capacities available. The figure also reveals that revenues generated by the energy price, which is the payment for activated reserve, have about the same magnitude as the CHP unit start-up costs. Start-up costs contribute highest to the CHP unit power generation costs and were considered in the economic assessment as every start of an engine reduces its lifespan. Maintenance costs and costs for power grid utilisation were comparably small.
Storage capacities
The biogas storage is of particular importance when providing control energy reserves, as the biogas plant operator does not know beforehand when control energy reserves will be activated. The installed biogas storage capacity at the investigated biogas plant proved sufficient during the simulated period for all months. Figure 5 shows the gas storage level for January 2017, which was the month with most activated control energy reserve and therefore highest effect on the gas storage level. The provision of control energy reserves can be shown to reduce the gas storage level by a considerable amount whenever control energy reserves were activated, especially at the end of the month. Despite this period with high biogas demand, the installed biogas storage capacity was sufficient to provide biogas for power generation and biomethane production in the simulated period.
Most of the substrate that is used at the investigated biogas plant for waste treatment must be heated up and hygienised until a temperature of 70°C is reached before it is processed in the fermenters. For this reason, the plant has a considerably high heat demand. The heat that is produced by the CHP units can be used to partially cover this heat demand. Hot water tanks are used for short-term heat storage at biogas plants for optimal heat integration. A cost efficiency analysis was conducted to assess the economic feasibility of investing into a heat storage and to identify the optimal storage volume. The annuity method was applied to assess a variety of storage volumes calculating a profitability for each of the investigated volumes. Figure 6 shows the results of this analysis. The figure reveals that economic feasibility can only be achieved at a storage volume of 5 m 3 with a profitability of 0.0002. An investment into other heat storage volumes did not turn out to be economically viable due to negative The profitability of providing control energy reserves depends on several parameters. A sensitivity analysis was used to identify the parameters that have the highest impact on economic characteristics. The results from the analysis are shown in Fig. 7 for January 2017. A 10% parameter variation was assumed, whereby heat and electricity costs were successively increased by 10% and maintenance costs, start-up costs and biomethane price were successively decreased by 10%. The figure shows the relative change to additional revenue (Eq. (3)) that can be generated by providing control energy reserves, after each of the parameters was increased/decreased one after the other by 10%.
where RC is relative change to additional revenue in %, R VAR additional revenue after parameter variation, and R VAR additional revenue before parameter variation (base case). Figure 7 shows that profitability depends primarily on the CHP unit start-up costs and on the biomethane price, as variations of these parameters have the highest impact on the additional revenue that can be generated by providing control energy reserves with a relative change of 88.6% and 67.4%, respectively. Maintenance costs of the CHP units and electricity costs do not prove to have a high effect on profitability with a relative change of only 7.6% and 8.0%, respectively. However, there is a high number of engine starts when providing control energy reserves, which leads to excessive wear of the technical components. It can be assumed that maintenance costs will significantly increase when participating in markets for control energy reserves [14] and therefore have a higher impact on economic outcomes than shown in Fig. 7 .
To increase profitability, it is of high interest to minimise CHP unit start-up and maintenance costs. Technical measures to reduce mechanical stress during gas engine start-up procedures include pre-heating and pre-greasing the engines as well as using appropriate starting systems [31] . It is recommended to pre-heat the engines, as the mechanical stress on engine components is much lower for warm starts than for cold starts.
The power price proved to be a key factor in the profitability of providing control energy reserves. Figure 8 shows the development of the average approved power price at the market for positive secondary control energy reserves for peak times (08:00-20:00 on weekdays excluding public holidays) and off-peak times (rest of the time) during the simulated period [26] .
These prices fluctuate considerably and are almost impossible to predict. There are times when no revenue can be generated by the power price at all. This was especially the case during the last three simulated months, which led to negative economic results when providing control energy reserves, as shown in Fig. 4 . It is not recommended to participate in markets for control energy reserves when no revenue can be generated by the power price.
The installed biogas storage capacity proved to be sufficient to provide positive secondary control energy reserves while simultaneously producing biomethane during the simulated period. Two additional parameters that should be considered in this context are the maximum outflow rate and pressure drop in the biogas storage. High outflow rates can lead to sudden pressure drops in the storage if the supporting air blower is not designed to be powerful enough. The dimensioning of the gas pipes must also be considered: the maximum outflow rate in the simulated scenario was around 1100 m 3 N ⋅h -1 . A comparison with manufacturer data showed that the investigated biogas plant's gas lines and biogas storage are adequately dimensioned for this volume flow rate. However, this is not necessary the case for other biogas plants that consider the provision of control energy reserves. Figure 9 shows the results of a sensitivity analysis regarding the profitability of an investment in a heat storage unit with a volume of 5 m 3 . Profitability mainly depends on heat and investment costs. The results reveal that lower heat costs (and therefore lower investment revenues) or higher investment costs can lead to a negative profitability.
Conclusions
This work assessed the technical and economic effects of providing control energy reserves with a biomethaneproducing biogas plant from Austria. A model of the investigated plant was developed and proved suitable for dynamic simulation of flexible biogas plant operation. One year of operation was simulated ex-post assuming participation in the market for positive secondary control energy reserves. The simulation was compared to the plant's current state of operation. The findings showed that the installed biogas storage capacity and gas lines are sufficiently dimensioned to provide control energy reserves while simultaneously producing biomethane.
An economic assessment revealed that participation in the market for secondary control energy reserves was profitable in most of the simulated months, except for months when the power price was low. Moreover, the results of a sensitivity analysis showed that start-up costs considerably affect profitability and should be minimised. A volume of 5 m 3 for a heat storage unit proved economically most viable during a cost efficiency analysis, with a profitability of 0.0002. Lower heat costs or higher investment costs might lead to a negative profitability. Fig. 8 Development of power price at the market for positive secondary control energy reserves during the simulated period Fig. 9 Results of a sensitivity analysis on heat and investment costs for a hot water tank with a volume of 5 m 3 intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
